Translational control is a key regulatory step in the expression of genes as proteins. In plant cells, the translational efficiency of mRNAs differs for different mRNA species, and the efficiency dynamically changes in various conditions. To gain a global view of translational control throughout growth and development, we performed genome-wide analysis of polysome association of mRNA during growth and leaf development in Arabidopsis thaliana by subjecting the mRNAs in polysomes to DNA microarray. This analysis revealed that the degree of polysome association of mRNA was different depending on the mRNA species, and the polysome association changed greatly throughout growth and development for each. In the growth stage, transcripts showed varying changes in polysome association from strongly depressed to unchanged, with the majority of transcripts showing dissociation from ribosomes. On the other hand, during leaf development, the polysome association of transcripts showed a normal distribution from repressed to activated mRNAs when comparing expanding and expanded leaves. In addition, functional category analysis of the microarray data suggested that translational control has a physiological significance in the plant growth and development process, especially in the categories of signaling and protein synthesis. In addition to this, we compared changes in polysome association of mRNAs between various conditions and characterized translational controls in each. This result suggested that mRNA translation might be controlled by complicated mechanisms for response to each condition. Our results highlight the importance of dynamic changes in mRNA translation in plant development and growth.
Introduction
The process leading up to gene expression passes through several regulatory mechanisms for each phase, from transcription, post-transcription and translation, to post-translation. To date, numerous studies have been reported on the transcription step to understand gene expression. However, poor correlations between mRNA and protein levels were observed, suggesting that translation and post-translation steps are also an important part of regulation (Maier et al. 2009 ). In addition, previous studies of the relationships between regulatory steps of gene expression processes in mammalian cells indicated that the influence of the translational control on the abundance of proteins was comparable with that of transcriptional control (Schwanhäusser et al. 2011) . Consequently, the magnitude and role of translational control on gene expression needs investigation.
In plant cells, translational efficiency is known to be very different among mRNA species, and changes further in response to various stimuli in plants. For example, various abiotic stresses trigger changes in the translational efficiency of mRNAs in plant cells, including elevated temperature (Matsuura et al. 2010 , Yángüez et al. 2013 , high salinity (Matsuura et al. 2010) , dehydration (Kawaguchi et al. 2004) or light and darkness (Juntawong and Bailey-Serres 2012 , Liu et al. 2012 , Liu et al. 2013 . In these abiotic stress conditions, the translational efficiency of mRNA shows a wide dynamic range and a variety of adjustments, with a majority of mRNAs showing translational repression. The translational efficiency of mRNA also dynamically changes during development and cell differentiation. For example, APETALA3, PISTILLATA and SUPERMAN in floral organ formation (Tzeng et al. 2009 ), auxin response factors throughout growth (Rosado et al. 2012) , ribosomal protein in germination (Jiménez-López et al. 2011 ) and the pollen-specific NTP303 gene from tobacco in pollen germination (Hulzink et al. 2002) are down-or up-regulated at the right stage for development. Moreover, a previous study showed that a number of genes were regulated specifically by cell type (Jiao and Meyerowitz 2010) . Thus it is suggested that translational control is an important part of gene expression in plant development. Although the translational response to development has been examined for specific genes, the translational response of individual transcripts to stages of development has not been characterized on a whole-genome scale, and the perspective of the translational control response to development is still not clear.
In this study, to obtain an overview of translational control of development, we performed genome-wide analysis of the change of polysome association of mRNAs through growth and leaf development in Arabidopsis thaliana using DNA microarray. Polysome association of mRNA was typically evaluated by comparing total cellular and polysome-bound mRNA levels, and is considered to be a parameter reflecting the translational efficiency. DNA microarray analysis revealed that the polysome association of mRNA shows drastically different changes between different mRNA species. In addition, to deepen our knowledge of translational control in growth and leaf development, we classified these transcripts into categories based on biological functions, with some functional groups showing differential changes of their polysome association of mRNA relative to other genes, suggesting that translational control has important roles such as signaling maintenance and energy conservation in whole gene expression. To characterize translational control further, we compared these changes of polysome association for each transcript in various situations. As a result, global and specific translational controls were suggested for responses to different conditions.
Results
Changes of global polysome association of mRNA throughout growth and development
To monitor the global polysome association of mRNAs, all mRNAs in plant cell extracts were separated and bound ribosomes counted by sucrose density gradient centrifugation or polysome fraction assay. Within the growth stage 2DAG (day after germination) to 35DAG, polysome profiles were dramatically changed. The polysome (two or more ribosomes bound to mRNA) peak decreased, with an increasing non-polysome peak over the course of the growth stage (Fig. 1A) . These changes indicate a decrease in polysome-bound mRNAs and a concomitant increase in monosome-bound or free mRNAs, suggesting global translational repression from 2DAG to 35DAG of the growth stage. On the other hand, during leaf development (young leaves to mature leaves at 21DAG), polysome profiles did not greatly differ (Fig. 1B) .
Genome-level analysis of changes in polysome association of mRNA throughout growth and development Previous studies showed that the translational efficiency varied according to mRNA species, and changed differently in response to environmental stimuli. To investigate translational control at each mRNA level, polysome association of individual transcripts in A. thaliana throughout the growth stage (2DAG to 21DAG) or leaf development (young leaves to mature leaves from 21DAG) was evaluated using DNA microarrays, namely polysome/microarray analysis. We pooled the mRNAs in the polysome fraction (fractions Nos. 5-8) and total fractions (fractions No. 1-8) of sucrose gradients and converted them into Cy3-and Cy5-labeled complementary RNAs (cRNAs), which were co-hybridized on Agilent Arabidopsis 4 Oligo Microarrays. The ratio of signal intensities (Cy3 : Cy5) of each spot provides the relative abundance of a given mRNA in polysome vs. total fractions. We used this ratio as an indicator of the polysome association of each transcript and termed it the 'polysome ratio' (PR_2DAG, PR_21DAG, PR_young_leaves and PR_mature_leaves). A larger PR value indicates that a higher proportion of transcripts are present in the polysome fraction, potentially implying more efficient translation. Log 10 -tranformed signal intensities obtained from two replicate plant cells show good correlation ( Supplementary Fig. S1 ).
The PR values of two replicates were averaged and used for further analysis. Our measured PR value (log 10 -non-transformed) showed a wide range of various values reflecting different levels of polysome association of each mRNA species ( Fig. 2A, B) . Fig. 1 Changes of global polysome association of mRNA by growth stage and leaf development. Absorbance profiles at 254 nm of sucrose density gradient-fractionated polysomes isolated from 2DAG to 35DAG (A), and young leaves and mature leaves from 21DAG (B). The direction of sedimentation is from left to right. The fraction number for polysome/microarray analysis and polysome/qRT-PCR analysis is shown.
Changes in the association of individual mRNAs with ribosomes throughout growth and development
Changes in polysome association for each transcript following the growth stage or development were estimated by the direct comparison of PR values between two stages, and by calculating the change in PR values throughout the growth stage (ÁPR_growth = log 10 PR_21DAG -log 10 PR_2DAG) and leaf development (ÁPR_leaf = log 10 PR_mature_leaves -log 10 PR_ young_leaves) ( Fig. 2 ; Supplementary Table S1, S2). Since the transcripts on the diagonal line in the scatter plots shown represent equal PR values between two stages, the growth stage leads to a decrease in PR values for most transcripts ( Fig. 2A) . The deviation toward decreases in PR values were also apparent in the skew of the histogram for ÁPR_growth values for the whole-genome data set (Fig. 2C) , in which transcripts showed varying changes in polysome association of mRNA from strongly depressed to unchanged, with the majority of transcripts showing dissociation from ribosomes (mean = -0.14). For leaf development, no deviation demonstrating a decrease was observed in scatter plots, unlike that of the growth stage (Fig. 2B) , and ÁPR_leaf showed a normal distribution from depressed to activated mRNAs, with approximately 0 as the median (Fig. 2D) . In addition, we selected notably depressed (bottom 1,000 in ÁPR_leaf) or activated mRNAs (top 1,000 in ÁPR_leaf) and analyzed the distribution of PR values in these mRNAs (Fig. 3) . PR_young_leaves of depressed mRNAs (median = 0.46) showed a similar value in for all mRNAs (median = 0.47), and PR values showed lower values in mature leaves (median = 0.36). On the other hand, the PR values of activated mRNAs were lower in young leaves (median = 0.33); however, those in mature leaves (median = 0.45) showed a similar value for all mRNAs, not a higher value (median = 0.48). In other words, this 'activation' may mean that recovery of polysome association of RNA was depressed in young leaves. Therefore, the difference between activated and depressed transcripts is discrimination of a depressed stage, i.e. whether it is depressed in young or mature leaves.
Our microarray data set was validated by quantitative realtime PCR (qRT-PCR) for 18 transcripts selected to represent a wide range of ÁPR values, PR values and changes of transcript levels (log 10 ES) (described in the Materials and Methods). PR_2DAG, PR_21DAG, PR_young_leaves, PR_mature_leaves, ÁPR_growthand ÁPR_leaf were determined from qRT-PCR data and compared with the values from DNA microarray analysis ( Fig. 4A ; Supplementary Table S3) . All values showed high correlation (r = 0.85-0.89) between the two independent methods ( Fig. 4B; Supplementary Fig. S2A , B).
Comparison of changes in polysome association of mRNA and steady-state mRNA levels
To gain insight into the connection between changes in steadystate mRNA levels and changes in translation state, changes in genome-wide transcript levels were analyzed using independent DNA microarrays. Total RNAs were isolated from two biologically independent plants for each stage (2DAG, 21DAG, young leaves and mature leaves from 21DAG plants) and converted into Cy3-labeled cRNAs. The signal intensities for each plant cell were determined ( Supplementary Fig. S1 ), and the ratio of signal intensities (2DAG : 21DAG or young : mature leaves) of each spot was calculated; termed the 'expression score' (ES). Log10-transformed ES value (log 10 ES_growth and log 10 ES_leaf) showed a normal distribution ( Supplementary  Fig. S3 ). qRT-PCR on some transcripts validated the total RNA profiling results by showing a high correlation of log 10 ES values (r = 0.71) ( Supplementary Fig. S2C ).
We attempted to compare changes in translation state (i.e. ÁPR_growth and ÁPR_leaf) with changes in steady-state mRNA levels (i.e. log 10 ES_growth and log 10 ES_leaf) because of the possibility that growth-and development-induced changes in transcription or degradation might affect the ÁPR values (Fig. 5A, B) . No simple correlation was found between ÁPR_growth vs. log 10 ES_growth and ÁPR_leaf vs. log 10 ES_leaf by scatter plot analyses (r = -0.11 and 0.11), suggesting that responses to growth and development at the translational level are generally independent of those at the steady-state mRNA level.
Functional category analysis of changes in polysome association of mRNA Polysome association of mRNAs was differentially controlled by each mRNA species, and translational control on gene expression seemed to be different from transcriptional control. Therefore, to investigate the physiological role of translational control throughout growth and development, we looked for groups of genes encoding proteins with similar biological functions, or functional categories, that showed a differential response from other genes using MapMan and PageMan software (Thimm et al. 2004 , Usadel et al. 2005 , Usadel et al. 2006 ) ( Table 1; Supplementary Table S4 ). We found 20 and 36 functional categories with ÁPR_growth and ÁPR_leaf values, respectively, with distributions biased in the negative direction compared with all other genes, indicating that translation of mRNAs from these functional categories is globally highly repressed throughout the growth stage or leaf development. In the growth stage, these functional categories included those related to ribosomal protein and ubiquitin ( Table 1) . In leaf development, these functional categories included those related to photosynthesis, major carbohydrate (CHO) metabolism, glycolysis, cell wall, amino acid metabolism, RNA processing and ribosomal protein ( Table 1) . In contrast, we found 28 and nine functional categories with ÁPR_growth and ÁÁPR_leaf values, respectively, with distributions that were biased in the positive direction compared with all other genes, indicating that these functional categories included mRNAs tending to be translationally unchanged (ÁPR_ growth) or activated (ÁPR_leaf) throughout the growth stage or leaf development. In the growth stage, these unchanged functional categories included those related to cell wall, DNA, signaling and the cell ( Table 1) . In leaf development, these activated functional categories included those related to (redox glutaredoxins) ubiquitin E3 and signaling ( Table 1 ). In addition, we found nine functional categories showing repression throughout both the growth stage and leaf development, and these functional categories included those related to ribosomal protein (Table 1) . These results suggest that growth-and development-induced alteration of the polysome association of mRNA leads to differential regulation of specific biological functions, which might contribute to growth and the developmental response.
Comparison of changes in translation state between various conditions
We next compared the changes in polysome association of mRNA throughout the growth stage and leaf development (i.e. ÁPR_growth and ÁPR_leaf) at the individual transcript level, which demonstrated that the two indicators showed a much low correlation (r = 0.10) (Fig. 6A) . Genome-wide analyses of translational control under heat and salt stress in A. thaliana suspension cells were conducted in a previous study (Matsuura et al. 2010) , with similar tendencies between heat stress, salt stress and growth stage (i.e. ÁPR_HS, ÁPR_SS and ÁPR_growth). We also compared changes in polysome association of mRNA in cases with high correlation between ÁPR_growth and ÁPR_HS or ÁPR_growth and ÁPR_SS (r = 0.55 and 0.52, respectively) ( Fig. 6C, E) . Our observation implies that the changes in polysome association of individual transcripts in two distinct conditions of stress and growth stage are globally similar, even though the translational response to stresses plotted against those at growth stages showed a lower correlation compared with ÁPR_HS and ÁPR_SS (r = 0.69) (Fig. 6B) . Altogether, translation of some genes was controlled differentially between growth stages and heat stress. In addition, we looked for functional categories showing specific translational control between growth stage and heat stress (Supplementary Table S5 ). We found 10 functional categories that were unchanged in heat stress and repressed in the growth stage, and these functional categories included those related to Table S5 ). In contrast, we found nine functional categories that were repressed in heat stress and unchanged in the growth stage, and these functional categories included those related to ribosomal proteins (Supplementary Table S5 ). This result suggests that some transcripts were regulated by specific translational control for physiological roles and in response to various conditions. On the other hand, there was lower correlation between ÁPR_HS and ÁPR_leaf or ÁPR_SS and ÁPR_leaf (r = 0.08 and -0.03, respectively) (Fig. 6D, F) . This low correlation suggested that translational control in leaf development was particularly distinctive. Wilcoxon's P-value predicts whether the average value of each indicator in a functional group is significantly higher (blue) or lower (pink) than average values of all other genes in the whole genome set. Functional categories found to be unchanged, activated or depressed are given with MapMan functional category (BIN) names and BIN codes by collapsing nonsignificant categories (P < 0.05). The complete analyses are given in in Supplementary Table S5 .
Discussion
Translational control is an important regulatory step in the gene expression process. In the plant growth and development phase, large fluctuations in gene expression suggest the possibility that translational efficiencies can also be changed by translational control. Our study characterized the translational control of mRNA on a genome-wide scale and highlights its importance in plant development and growth. 
Translational control throughout growth and development
We performed genome-wide analysis of the change of polysome association of mRNAs to gain a global view of the control of translation throughout growth stages and leaf development. We saw that the global polysome association of mRNAs in plant cells is drastically changed over the course of growth and development (Fig. 1A) . In addition, analysis of changes in polysome association at each mRNA level revealed that translation of mRNAs is differentially regulated among mRNA species (Fig. 2) . During the growth stage, changes of polysome association of mRNA vary from very strong repression to unchanged, with the majority of transcripts showing translational repression (Fig. 2C) . These differential changes in translation throughout the growth stages are similar to those previously reported in response to a short period of heat or salt stress in A. thaliana suspension cells (Matsuura et al. 2010 ). On the other hand, in leaf development, the polysome association of mRNAs was variably depressed or activated (Fig. 2D) , and in a number of mRNAs, polysome associations were regulated specifically in different leaf developmental stages (Fig. 3) . It seems that translational activation in leaf development can be expressed as recovery of polysome association from depression in young leaves, i.e. there is control of selection of depressed mRNAs and control of when mRNAs are depressed. Special translational control of a specific development process, such as translational control in leaf development, was also found in a yeast meiotic program (Brar et al. 2012 ). This translational control-regulated magnitude and timing of protein production through the meiotic processes suggests that it is tightly regulated stage-specific translational control. In plants, the polysome association of mRNA might be controlled by such highly complicated mechanisms of stage-specific translation.
Physiological role of the translation control
Polysome association of mRNAs was differentially controlled by each mRNA species, and no correlation between the change of the polysome association of mRNA and the change of transcriptional levels was observed throughout growth and development (Fig. 5A, B) , suggesting that the translational control plays some kind of physiological role. This physiological role of translational control was shown in part by analysis of functional categories. We found a bias toward changes in polysome association of mRNA among functional categories ( Table 1;  Supplementary Table S4) . Some genes related to functional categories of signaling tended to be translationally unchanged throughout the growth stage, because they are likely to be important to maintenance of homeostasis and early response to changes in the environment such as stresses (Baena-González et al. 2007 , Baena-González et al. 2008 . Repression of the translation of ribosomal proteins was observed during both the growth stage and leaf development; in addition, a significant decrease in polysome association of mRNAs encoding ribosomal proteins was also found in Arabidopsis in response to mild dehydration, oxygen deprivation, sucrose starvation, heat stress and salt stress (Kawaguchi et al. 2004 , Branco-Price et al. 2005 , Nicolai et al. 2006 , Matsuura et al. 2010 . Because protein synthesis is one of the most energetically costly processes, this is consistent with the view that global translational repression, especially the repression of ribosome biogenesis, is an important mechanism of energy conservation under adverse conditions (Branco-Price et al. 2008 , Branco-Price et al. 2008 . Moreover, ribosomal proteins were required particularly in fast growing tissues (Beltrán-Peña et al. 1995 , Majeran et al. 2010 ) such as at 2DAG and in young leaves; therefore, a high level of translation of ribosomal proteins in the fast-growing early germination period and growth-stimulated cells was reported (Jiménez-López et al. 2011) . Accordingly, energy control matches translational control over the course of growth and development. The energy in the developed organ might also be saved, implying saved protein synthesis and metabolism. The functional category of ubiquitin was found in activated groups in leaf development, because protein degradation is related to organ size. Proteasomes regulate organ size through the regulation of endoreduplication by degradation of cell cycle proteins in leaf cells (Sonoda et al. 2009 , Nguyen et al. 2013 ). Thus mature leaves might require genes related to degradation, including ubiquitin. Functional categories specifically regulated between growth and heat stress were also found, such as ubiquitin and ribosomal protein (Supplementary Table S5 ). The functional categories of ubiquitin and stress response were not changed in heat stress but were repressed in the growth stage.
Because the important role of ubiquitin in the stress response has also been shown (Sahi et al. 2006 , Huang et al. 2008 , ubiquitin might be required as a stress response gene in stress conditions. Thus, there is a possibility that genes related to specific physiological functions were also controlled in the translational step for response to different conditions. This information about translation and gene functions provides potential for further insights into the biochemical processes and regulatory pathways and more in-depth research.
Mechanisms of translation control throughout growth and development
The moderate similarity of translational responses to different physiological processes, such as various stresses and growth stages, suggests that similar mechanisms might underlie translational control in a broader sense in plants, or alternatively plants in our development analysis were inadvertently exposed to some kind of stress (Fig. 6C, E) . mRNA translation is largely regulated by sequences in the 5 0 -untranslated region (5 0 -UTR) in stress conditions (Branco-Price et al. 2005 , Matsuura et al. 2013 , Roy et al. 2013 ). In addition, a previous study suggested that the 5 0 end of the 5 0 -UTR is an important region for translation control under heat stress (Matsuura et al. 2013) . A high correlation between changes of polysome association of mRNA in the growth stage and heat stress indicates that the 5 0 end of the 5 0 -UTR is probably important for translational control in growth stages as well.
On the other hand, differences in responses to heat stress, salt stress and growth stage in some transcripts suggest condition-specific translational control mechanisms (Fig. 6B , C, E; Supplementary Table S5) . Furthermore, the changes in polysome association of mRNA during leaf development showed unique mechanisms different from other translational controls (Fig. 6D, F) , indicating developmental stage-specific translational control. The mechanisms of these specific translational controls are still poorly understood, even though the mechanisms of translational controls for some specific genes have been reported. It was suggested that characteristics of the 5 0 -UTR are important for these specific translational controls (Hulzink et al. 2002 , Tzeng et al. 2009 , Jiménez-López et al. 2011 , Pajerowska-Mukhtar et al. 2012 , Rosado et al. 2012 . Altogether, there is a possibility that the specific translational control seen in this study may be explained by characteristics of the 5 0 -UTR. Meanwhile, recent reports indicated the existence of alternative transcription start site (TSS) variants for a large number of mRNAs , Morton et al. 2014 . In yeast, some mRNA isoforms from different TSSs differed greatly in mRNA translation efficiency, and variation of TSSs in a gene was shown to affect the mRNA translation (RojasDuran and Gilbert 2012, Arribere and Gilbert 2013) . Therefore, to elucidate translational control-related characteristics of the 5 0 -UTR throughout growth and development, genome-wide determination of 5 0 -UTRs is a key future task, and will enable a deeper understanding and detailed analysis of translational control through comparison with our data.
Materials and Methods

Plant materials and growth conditions
The A. thaliana ecotype Columbia-0 was surface sterilized, sown on GM medium plates and kept at 4 C in darkness for 3 d for stratification. The seeds were grown in growth chambers under long-day conditions (16 h light/ 8 h dark) at 22 C for 2, 4, 7, 14, 21 or 35 d. For mature leaves, three older, noncotyledon leaves were collected from 21DAG plants. For young leaves, three newer leaves were collected from 21DAG plants. Two independent plant cells were used as biological replicates for individual analyses.
Polysome fractionation assays
Polysomes were fractionated by sucrose density gradient centrifugation according to previously described methods (Matsuura et al. 2010a) . Plant tissues were pulverized with a mortar and pestle. The resulting frozen powder was homogenized with buffer U (200 mM Tris-HCl, pH 8.5, 50 mM KCl, 25 mM MgCl 2 , 2 mM EGTA, 100 mg ml -1 heparin, 100 mg ml -1 cycloheximide, 2% polyoxyethylene 10-tridecyl ether and 1% sodium deoxycholate) and centrifuged at 15,000 Â g for 10 min at 4 C. Aliquots of supernatant were layered on 4.85 ml of a 26.25-71.25% sucrose density gradient in buffer B (50 mM Tris-HCl, pH 8.5, 25 mM KCl and 10 mM MgCl 2 ) and centrifuged at 55,000 r.p.m. for 50 min at 4 C in an SW55 rotor (Beckman Coulter). The gradient was collected from the bottom using a piston gradient fractionator (BioComp Instruments) with simultaneous recording of absorbance profiles at 254 nm using a UV monitor. Profiles were corrected using the sum of the peak from 60S ribosomes.
RNA isolation from sucrose gradients
For qRT-PCR analysis, plant cell lysate, separated through a 26.25-71.25% sucrose density gradient, was fractionated into eight fractions of approximately 500 ml each. Guanidine hydrochloride at a final concentration of 5.5 M, together with 5 ng of in vitro synthesized, capped polyadenylated Renilla luciferase (r-luc) mRNA (Matsuura et al. 2008) , was added to each collection tube. The r-luc mRNA was used as an external control to correct for varying efficiencies of subsequent RNA isolation and RT-PCR. RNA was precipitated from each fraction by the addition of an equal volume of ethanol, overnight incubation at À20 C and centrifugation at 10,000 r.p.m. for 45 min in a JA-20 rotor (Beckman Coulter). The resulting precipitate was washed with 80% ethanol. RNA was purified using an RNeasy kit (Qiagen) with on-column DNase I treatment according to the manufacturer's instructions. RNA was eluted with 30 ml of RNase-free water and equal volumes of RNA solution from each fraction were subjected to qRT-PCR analysis.
For microarray analysis, RNA was isolated from sucrose gradients as described above for qRT-PCR analysis with some modifications. First, fractions 5-8 (polysome fraction) and 1-8 (total fraction) of the eight fractions were individually collected and pooled into tubes containing guanidine hydrochloride (final concentration, 5.5 M) (the direction of sedimentation is from fraction 1 to fraction 8). As external controls, 5 ml of Spike A and Spike B Mix (Two-Color RNA Spike-In Kit; Agilent Technologies) were added to the polysome and total fractions, respectively, concomitant with collection of the sucrose gradient (Melamed and Arava 2007) . Each spike-in mixture contained 10 in vivo synthesized, polyadenylated transcripts at various pre-determined ratios. These transcripts are derived from the adenovirus E1A transcriptome and are represented by corresponding spots on the Agilent oligoarray used in this study. Eluted RNA solution from RNeasy mini spin columns (Qiagen) was further subjected to LiCl precipitation by the addition of LiCl at a final concentration of 1.5 M, followed by centrifugation. After ethanol precipitation, the RNA integrity was examined with an Agilent Bioanalyzer 2100 (Agilent Technologies).
Isolation of total RNA
Plant tissues were pulverized as described above for the polysome fractionation assay. First, total RNA was isolated from the frozen powder using TRIzol Reagent (Invitrogen) followed by RNeasy mini spin columns with on-column DNase I treatment. The reagents and kit were used according to the manufacturer's instructions. RNA integrity was examined with an Agilent Bioanalyzer 2100 (Agilent Technologies).
DNA oligonucleotide microarray hybridization and scanning
Fluorescent cRNAs were generated from polysome fraction and total fraction RNAs for two colors or total RNAs for one color from each plant sample using a Low RNA Input Fluorescent Linear Amplification Kit (Agilent Technologies). A 500 ng aliquot of RNA was subjected to reverse transcription using MMLV reverse transcriptase and an oligo(dT) primer containing the T7 promoter, and was subsequently in vitro transcribed using T7 RNA polymerase, resulting in Cy3-and Cy5-labeled cRNAs. The cRNAs were purified using RNeasy mini spin columns. Polysome fraction RNAs and total RNAs were labeled with Cy3, and total fraction RNAs were labeled with Cy5. Mixtures of 0.85 mg of Cy3-and Cy5-labeled cRNAs (polysome fraction and total fraction RNAs derived from identical plant cell lysates) were co-hybridized at 65 C for 17 h on an Agilent Technologies 4 Â 44K Arabidopsis 4 60-mer oligo microarray. Hybridization of 1.65 mg of Cy3-labeled cRNAs (total RNAs) was performed at 65 C for 17 h on an Agilent Technologies 4 Â 44K Arabidopsis 4 60-mer oligo microarray. The slide was washed and scanned with an Agilent G2565CA Scanner (Agilent Technologies) at a pixel resolution size of 5 mm to detect fluorescence intensity. Hybridizations were performed using two independent biological replicates.
Microarray data analysis
Microarray data analysis was performed following previously described methods (Matsuura et al. 2010 ). For total RNA profiling, the ratio of the intensity value (expression score) in the 21DAG plants over that in the 2DAG plants (ES_growth) or in the mature leaves over that in the young leaves (ES_leaf ) was calculated for features that passed the above criteria. For polysomal RNA profiling, the ratio of the intensity value in the polysome fraction RNA (Cy3) over that in the total fraction RNA (Cy5) was calculated, and defined as the polysome association of mRNA or polysome ratio (PR). The average of (Cy3/ Cy5) values was calculated for genes mapped on more than two features on an array, and then for the two biological replicates.
qRT-PCR analysis
Equal volumes of RNA solution isolated from each gradient fraction were used to synthesize single-stranded cDNA in a total volume of 20 ml using a Transcriptor First Strand cDNA Syntheses Kit (Roche Applied Science) with anchored oligo(dT) 18 primers. PCR was performed using 2 ml of a 1 : 10 dilution of firststrand cDNA, LightCycler 480 SYBR Green I Master (Roche Applied Science) and gene-specific primer sets in a LightCycler 480 (Roche Applied Science). Melting curve analysis was carried out for each primer set to verify the presence of a single melting peak after amplification. 'No cDNA' plant samples (water) and 'no RT' plant samples were included as negative controls. We normalized the actual distribution of each transcript using r-luc RNAs and used the correlated transcript level in each faction in the following calculations. Polysome ratios were evaluated as the ratio of a given mRNA in the polysome fraction (fraction Nos. 5-8) vs. total fractions (Nos. 1-8), followed by calculating the ÁPR_growth (log 10 PR_21DAG -log 10 PR_2DAG) or ÁPR_leaf (log 10 PR_mature_leaves -log 10 PR_young_leaves). The ES was evaluated as the ratio of the sum of all fractions in 21DAG to 2DAG plant cells or mature leaves to young leaves.
Functional classification and statistical significance tests
Our microarray data set and those provided by Matsuura et al. (2010) were imported into MapMan (version 3.5.1) (Thim et al. 2004 , Usadael et al. 2005 , http://mapman.gabipd.org/web/guest/mapman) or PageMan software (version 0.12) (Usadel et al. 2006 , http://mapman.gabipd.org/web/guest/pageman). Wilcoxon's P-value with Benjamini and Hochberg correction and average data values of genes in individual functional categories or BINS were calculated and the results of Wilcoxon's tests were visualized using the PageMan Application. 'Ath_AGI_LOCUS_TAIR10 mapping files were used (http://mapman.gabipd. org/web/guest/mapmanstore) for MapMan and PageMan analyses. Only genes having no identical locus AGI (Arabidopsis Genome Initiative) codes on the microarray were subjected to assignment procedures in microarray data sets.
Supplementary data
Supplementary data are available at PCP online. 
